ODP Leg 114 recovered sections at four sites east of the Falkland Plateau that cover a wide range of paleodepths and provide the opportunity to evaluate the response of benthic foraminifers to late Paleocene and Eocene Oceanographic changes. Early Paleogene paleodepth estimates were obtained by "backtracking" assuming simple thermal subsidence (Site 698, -900 m; Site 702, -2000 m; Site 700, -2400 m; and Site 699, -2800 m). These estimates agree with paleodepths determined by comparing our quantitative benthic foraminiferal assemblages to previously published assemblages associated with known paleodepths.
foraminifers became extinct in the latest Paleocene at theThis well-known δ 18 θ increase (e.g., Vergnaud-Grazzini and Oberhansli, 1986; Keigwin and Corliss, 1986) signaled the first definite evidence of glacial ice sheets on Antarctica (Miller et al., 1987a) . The cause of the Eocene δ 18 θ increases has generally been ascribed to deep-water cooling (e.g., Savin et al., 1975; Shackleton and Kennett, 1975; ). However, a major issue remains: it is possible that ice sheets developed prior to the Oligocene (e.g., Barron et al., 1988) . We address the first two of the Eocene δ 18 θ increases in this contribution.
Large changes in the δ 13 C budget occurred during the late Paleocene to early Eocene Shackleton et al., 1985a Shackleton et al., , 1985b Oberhansli et al., 1984; Oberhansli and Toumarkine, 1985; Hsü et al., 1985) . The cause of high δ 13 C values and strong surface-water δ 13 C gradients in the late Paleocene Pacific and Atlantic oceans (Boersma and Premoli Silva, 1983; Shackleton et al., 1985a Shackleton et al., , 1985b remains controversial; the high late Paleocene δ 13 C values have been suggested as indicating high global productivity , high accumulation rates of sedimentary organic carbon (Shackleton, 1987) , and an enhanced oxygen-minimum zone (Shackleton et al., 1985a) . The large decrease in δ 13 C values across the Paleocene/Eocene boundary was inferred to represent a global drop in surface ocean productivity (Shackleton et al., 1985b) . Miller et al. (1987c) noted that there was no change in the vertical δ 13 C gradient between benthic and planktonic foraminiferal values across the Paleocene/Eocene boundary, which weakens the case for a change in ocean productivity (see discussions in Miller et al., 1987c; Thomas, 1990) .
Several key early Paleogene Oceanographic problems can be addressed by obtaining more complete stable isotope records from the Southern Ocean. Perhaps the most intriguing problem related to the benthic foramiriiferal turnover issue concerns the potential sources of early Paleogene deep water. The warm deep-water conditions (10°C) of the Cretaceous and early Paleogene have been inferred as reflecting production of warm saline bottom water at low latitudes (Brass et al., 1982) . In contrast, Barrera et al. (1987) suggested that Late Cretaceous to Paleocene bottom water was produced near the poles as today because surface-water δ 18 θ values near Antarctica were similar to those found in the deep sea at lower latitudes. Miller et al. (1987c) have shown that the Southern Ocean was enriched in 13 C relative to the Pacific and North Atlantic oceans during the late Paleocene, indicating that the Southern Oceans were proximal to a "young" (nutrient depleted, oxygen-rich) deep-water source. We infer this to have been a Southern Ocean source as present today. Oxygen isotope data from the Maud Rise have been used to suggest that a lowlatitude source of warm saline deep water entered the Southern Ocean during the early to middle Eocene (Kennett and Stott, 1988) . Our previous late Paleocene reconstructions clearly suggest that the Southern Ocean was close to its source of deep water. However, our early Eocene carbon isotope comparisons were equivocal (based upon only two Southern Ocean points), and no data were available for the middle to late Eocene (Miller et al., 1987c) .
ODP Leg 114 drilled four sites east of the Falkland Plateau at which Paleocene and Eocene sections were recovered (Figs. 1 and 2). These sites cover a wide present depth range (Site 698, 2128 m; Site 699, 3707 m; Site 700, 3598 m; and Site 702, 3084 m) and provide a good Paleobathymetric transect of the benthic foraminiferal faunal data and of the oxygen and carbon isotope records. These four Leg 114 sites provide us with a unique opportunity to study the late Paleocene benthic foraminiferal faunal turnover across a depth transect representing a wide Paleobathymetric range (Fig. 3 ). This transect allows us to evaluate depth-related influences on the extinction event.
METHODS
Paleocene and Eocene sections were studied from four Leg 114 drill sites: Hole 698A (51°27.51'S, 33°05.96'W); Hole 699 A (51°32.537'S, 30°40.619'W); Hole 700B (51°31.977'S, 30°16.688'W); and Hole 702B (50°56.786'S, 26°22.117'W) (Fig.  1 ). Samples were obtained aboard ship at approximately one per section (1.5 m). This corresponds to a typical sampling interval of 0.5 to 1.0 m.y. for the Paleocene-Eocene sections where recovery is adequate.
Age estimates were based upon biostratigraphic and magnetostratigraphic correlations. We used the revised shipboard biostratigraphic datum levels, emphasizing nannofossil zonal boundaries and chronozones along with planktonic foraminiferal datum levels (Ciesielski, Kristoffersen, et al., 1988) (Table  1 ). The time scale of Berggren et al. (1985) was used for the ages of the zonal and stratigraphic boundaries, and the ages of our samples were established by linearly interpolating between datum levels and chronozonal boundaries (Table 1) . Calibrations of high-latitude sections with lower latitude sections and with the stratotypes are uncertain. Berggren et al. (1985) recognized the Paleocene/Eocene boundary at low latitudes based on the last occurrence of the planktonic foraminifer Morozovella velascoensis (top of Zone P6a) and assigned an age estimate of 57.8 Ma. Aubry et al. (1988) suggested that the Paleocene/Eocene boundary lies within Zone NP10 and assigned an age estimate of 57.0 Ma. At high latitudes, the last occurrence (LO) of the nannofossil Fasciculithus spp. and the first occurrence (F0) of the planktonic foraminifer Pseudohastigerina spp. are used to approximate the Paleocene/Eocene boundary. There are problems correlating the high-latitude Leg 114 sites precisely to the time scale because the LO of Fasciculithus spp. postdates the Paleocene/ Eocene boundary of Berggren et al. (1985) by 0.4 m.y., while the F0 of Pseudohastigerina spp. is not well-calibrated to the time scale. Considering these biostratigraphic problems and the core recovery difficulties experienced on Leg 114, the Paleocene/Eocene boundary is difficult to locate precisely at the sites studied here.
Samples examined for benthic foraminiferal faunal and isotopic analyses were washed with sodium metaphosphate (5.5 g/L) and/or hydrogen peroxide (3% solution) in tap water through a 63-µm sieve and air dried. Benthic foraminifers were picked from aliquots of size fraction greater than 149 µm and mounted on reference slides. In general, 100-400 specimens were picked per sample. In addition, some shipboard core-catcher samples were used for qualitative range chart information. The benthic foraminifers were identified using the taxonomy of Tjalsma and Lohmann (1983) and van Morkhoven et al. (1986) . These studies form a comprehensive taxonomic base applicable to the Paleocene and Eocene of the Southern Ocean. We illustrate characteristic Paleocene (Pis. 1 and 2) and Eocene (Pis. 3 and 4) benthic foraminifers. We follow Berggren and Miller (in press) in recognizing the following faunal depth zones: upper bathyal (200-600 m), middle bathyal (600-1000 m), lower bathyal (1000-2000 m), upper abyssal (2000-3000 m), and lower abyssal (3000 m).
We compiled range charts and calculated extinction rates for the Paleocene to Eocene section from the benthic foraminiferal qualitative data for the Leg 114 sites. While most of our taxa are identified to the species level, we did not split up some of the genera, such as Lenticulina, Lagena, Fissurina, or Pleurostomella. These undifferentiated genera range throughout the Paleocene to Eocene section at our Leg 114 sites. Some genera may have species (usually rare and sporadic) that first occur or last occur within the section that we have not recorded. Therefore, our extinction rates are only approximations of the true faunal turnover.
We performed Q-mode principal component and Varimax factor analyses on the relative abundance (percentage) data using modifications of programs provided by Lohmann (1980) . These programs utilize a cosine-theta matrix, standardizing each sample to unit length; they were modified to run on a Macintosh microcomputer.
For isotopic analyses, benthic foraminifers were ultrasonically cleaned for 5-10 s and roasted at 370°C in a vacuum. We analyzed samples of the benthic foraminiferal taxa Nuttallides truempyi and Cibicidoides spp. Carbon isotope comparisons are particularly sensitive to the benthic foraminiferal taxon chosen. Studies have shown that Cibicidoides accurately records deep-water δ 13 C variations (e.g., Graham et al., 1981) , and we have successfully used this taxon to reconstruct Oligocene-Miocene carbon isotope fluctuations (Miller and Fairbanks, 1985) . found that N. truempyi yielded the same δ 13 C values as Cibicidoides, while the δ 18 θ values were constantly offset from Cibicidoides by about 0.15°/oo; we analyzed paired samples of N. truempyi and Cibicidoides spp. to confirm this (see "Results" section). Isotope measurements were made using a Carousel-48 automatic carbonate preparation device attached to a Finnigan MAT 251 (Table 2) . Replicate samples yielded mean δ 18 θ differences of 0.161°/oo and mean δ 13 C differences of 0.161°/oo, respectively (Table 2) . Paleodepth estimates were calculated assuming simple thermal subsidence and empirical age-subsidence curves ("backtracking") (Sclater et al., 1971; Berger and Winterer, 1974 ; among others) of the following form.
For crust younger than 80 Ma: (1)
For crust older than 80 Ma:
-S, and (3)
(where Pr = present depth; Pd = paleodepth; Id = initial depth; / = (age of basement minus the age of level considered); 5 = sediment correction of 0.66 (basement depth below seafloor minus depth below seafloor of level considered); and tau = decay constant of 62.5.)
The constants A and k have been empirically determined for the Atlantic as -3650 and 300, respectively (Miller et al., 1987b) . Basement depths, basement ages, initial depths, equations used are provided in the Figure 3 caption and the paleodepths are listed in Table 3 .
We compared these backtracked paleodepths to paleodepth estimates based on benthic foraminiferal assemblage composition (Table 3) . Tjalsma and Lohmann (1983) constructed age and depth distributions of deep-water benthic foraminifers from 48 Paleocene and 77 Eocene samples recovered from the Atlantic and Caribbean. This study estimates paleodepths for Sites 698, 699, 700, and 702 based on Tjalsma and Lohmann's (1983) age-depth compilations for Paleocene and Eocene benthic foraminifers and compares these estimates with backtracked Paleobathymetric values calculated assuming simple thermal subsidence ( Table 3 ). The assumption here is that early Paleogene faunal distributions were not grossly different in the Southern Ocean compared to Tjalsma and Lohmann's (1983) Atlantic and Caribbean sites. As we show in the next section, some faunal patterns were different between these regions, and therefore this assumption is not entirely warranted. However, the faunal estimates and the backtracked depths show excellent agreement (Table 3) ; the exception is at Site 698, where the backtracked paleodepths are shallower than those predicted by benthic foraminiferal assemblages. The close agreement implies that although some faunal distributions may have varied regionally, Southern Ocean early Paleogene bathymetric estimates based on benthic foraminiferal abundances are still reliable.
RESULTS

Paleobathymetry
The late Paleocene and early Eocene backtracked paleodepths at Hole 698A are about 800 and 900 m, respectively (Fig. 3) ; this is the only location examined in this study that shows a discrepancy between the backtracked paleodepths and the faunal estimates. Faunal data suggest that Hole 698A was situated in a lower bathyal setting (1500 ± 500 m) in the Paleocene, based on moderate to high abundances of Stensioina beccariiformis, Lenticulina spp., Anomalinoides danicus, and Pullenia coryelli. Similarly, the Eocene assemblages indicate paleodepths of 1000-2000 m with moderate to high abundances of Cibicidoides praemundulus, Cibicidoides eocaenus, Anomalinoides capitatus, Hanzawaia ammophilus, Lenticulina spp., Osangularia mexicana, and buliminids, along with very low abundances of deep-water species Alabamina dissonata and Abyssamina poagi.
The backtracked depths at Hole 702B range from approximately 1800 m (early Eocene) to approximately 2250 m (late Eocene) (Fig. 3) [80] [81] [82] [83] [84] [49] [50] [51] [52] [53] [55] [56] [57] [58] [59] [82] [83] [84] [85] [86] [18] [19] [20] [21] [22] [127] [128] [129] [130] [131] [127] [128] [129] [130] [131] [139] [140] [141] [142] [143] [139] [140] [141] [142] [143] [68] [69] [70] [71] [72] [68] [69] [70] [71] [72] [60] [61] [62] [63] [64] [60] [61] [62] [63] [64] [17] [18] [19] [20] [21] [88] [89] [90] [91] [92] [89] [90] [91] [92] [93] [110] [111] [112] [113] [114] [110] [111] [112] [113] [114] [129] [130] [131] [132] [133] [119] [120] [121] [122] [123] [72] [73] [74] [75] [76] [64] [65] [66] [67] [68] [70] [71] [72] [73] [74] [19] [20] [21] [22] [23] -5, 50-54 9X-5, 110-114 10X-3, 40-44 11X-1, 80-84 12X-1, 58-62 12X-3, 58-62 13X-3, 60-64 14X-1, 68-72 14X-3, 68-72 15X-1, 70-74 15X-4, 70-74 16X-1, 60-64 16X-2, 60-64 16X-3, 60-64 16X-6, 60-64 17X-2, 120-124 17X-5, 120-124 18X-3, 20-24 18X-5, 20-24 19X-1, 20-24 19X-3, 60-64 19X-4, 20-24 19X-5,20-24 19X-6, 20- At Site 700B, backtracking indicates Paleocene depths of 2250 m and Eocene depths of 2500-3000 m (Fig. 3) . Benthic biofacies suggest Paleocene depths of 2000-2500 m and Eocene depths of 2500-3000 m. Paleocene biofacies contain comparable abundances of S. beccariiformis and N. truempyi, along with moderate abundances of Aragonia spp., Lenticulina spp., Tritaxia spp., and buliminids. Early Eocene biofacies contain moderate to high abundances of buliminids, Clinapertina spp., A. dissonata, and A. poagi and low abundances of Lenticulina spp. The middle Eocene disappearance of a buliminid assemblage at Hole 700B suggests that this location may have subsided below about 2750-3000 m by this time, slightly deeper than the backtracked estimate of 2600-2700 m (Fig. 3) . However, the apparently coeval disappearance of the buliminid assemblage at the shallower Hole 702B (see previous paragraph) suggests that this may be the result of Oceanographic changes rather than subsidence.
At Hole 699A, backtracked paleodepths are approximately 2700 m (Paleocene) and 2900 m (Eocene) (Fig. 3) . These estimates show good agreement with benthic foraminiferal biofacies depth estimates of 2000-3000 m (upper abyssal zone) for the Paleocene and approximately 2500 m for the EARLY PALEOGENE BENTHIC FORAMINIFERAL ASSEMBLAGES Eocene. Paleocene faunal depth estimates are indicated by the dominance of N. truempyi over S. beccariiformis, high abundances of C. hyphalus, and low abundances of Lenticulina spp. Eocene estimates are based on moderate abundances of A. dissonata and low abundances of Lenticulina spp., Abyssamina spp., and Clinapertina spp.
Faunal Changes
The benthic foraminiferal assemblages examined from the four Leg 114 sites document that the late Paleocene/early Eocene extinction event was recorded in the Atlantic sector of the Southern Ocean over a wide bathymetric range. Fifteen species last occur in the upper Paleocene in at least three of the four sites examined (Table 4) (Tjalsma and Lohmann, 1983; Miller et al., 1987c) .
Site 698
It is difficult to locate precisely the Paleocene/Eocene boundary at Site 698 (850 m backtracked paleodepth; Fig. 3 (Fig. 4) . Other typical Paleocene taxa disappear near this interval (Table 4) . Benthic foraminiferal species were not quick to rediversify after the extinction event. Taxa appeared gradually from the latest Paleocene through the early Eocene at Hole 698A (Table 4) .
Factor analysis of the benthic foraminiferal relative abundance data from Hole 698A shows that S. beccariiformis dominates the Paleocene assemblages (Fig. 5 ). This fauna is replaced by an assemblage characterized by Cibicidoides cf. pseudoperlucidus, N. truempyi, and Oridorsalis spp. in the lowermost Eocene. Turrilina robertsi becomes dominant in the lower Eocene, and in turn is replaced by Cibicidoides praemundulus near the lower/middle Eocene boundary (Fig. 5) .
Site 702
At Site 702 (about 1700 to 2250 m paleodepth; Fig. 3 unpubl. data). Seventeen taxa survive the faunal turnover at Hole 702B, yielding an extinction rate of 50% across the Paleocene/Eocene boundary ( Fig. 6 and Table 4 ). The radiation of benthic foraminiferal species at Hole 702B occurs across nearly 90 m of section from the uppermost Paleocene through the lower middle Eocene. Five taxa first appear in the uppermost Paleocene, while 10 taxa first appear in the lower Eocene (Table 4 ). In contrast, we note that only four additional taxa first appear in the lower middle Eocene, and four additional taxa first appear in the upper middle Eocene (Fig. 6 and Table 4 ). Factor analysis of the benthic foraminiferal relative abundance data from Hole 702B shows the dramatic decline of the Paleocene fauna characterized by S. beccariiformis, Gyroidinoides spp. (including the Paleocene forms G. globulosus and G. quadratus), and C. cf. pseudoperlucidus and its replacement by a iV. truempyi-áomm&teá assemblage in the Eocene (Fig. 7) . This Eocene assemblage is replaced in a thin interval in the lower middle Eocene by a Bulimina semicostata, Lenticulina spp., and Oridorsalis spp. fauna. In the uppermost middle Eocene, the N. truempyi-dominated assemblage is replaced by an Oridorsalis spp., C. praemundulus, and Nuttallides umbonifera fauna; this change has been noted throughout the Atlantic (Tjalsma and Lohmann, 1983; Wood et al., 1985) and in the Pacific .
Site 700
At Site 700 (2275 m paleodepth; Fig. 3 ), a preponderance of Paleocene benthic foraminiferal taxa disappear at the LO of Fasciculithus spp., although poor core recovery leaves a gap in the faunal record across the Paleocene/Eocene boundary (Fig. 8) . Twenty-one taxa last appear in the uppermost Paleocene, whereas 16 taxa survive the boundary extinction event (Fig. 8 and Table 4 ). This represents an extinction rate of 57%. The radiation of benthic foraminifers after the Paleocene/Eocene extinctions was also gradual at Hole 700B, where 16 benthic foraminiferal taxa first appear across 160 m spanning the lower to middle Eocene (Table 4) .
Factor analysis of the benthic foraminiferal relative abundance data from Hole 700B shows that S. beccariiformis dominates the Paleocene assemblages (Fig. 9) . A fauna characterized by Clinapertina spp., Alabamina dissonata, Buliminella grata, and Cibicidoides eocaenus dominates lowermost Eocene sediments. This is replaced in the lower Eocene by an assemblage characterized by N. truempyi, Oridorsalis spp., C. praemundulus, and B. semicostata.
Site 699
There was only one Paleocene sample available from Hole 699A (about 2700-2900 m paleodepth; Fig. 3 the last appearances of Paleocene benthic foraminiferal taxa. Fifteen benthic foraminiferal taxa appear only in the Paleocene sample at Hole 699A, while 12 taxa survive into the Eocene ( Fig. 10 and Table 4 ). Assuming that the single Paleocene sample is representative, the possible extinction rate at Hole 699A is 56%. Sixteen taxa first appear in the 20 m of lower Eocene at Hole 699A (Table 4) . The second Q-mode principal component shows that the principal axis of faunal variation delineates the Paleocene sample dominated by C cf. pseudoperlucidus, C. hyphalus, and 5. beccariiformis from a typical Eocene assemblage (Fig.  11) at Hole 699A.
Leg 114 Biofacies A Q-mode principal components analysis was performed on the combined relative abundances from Holes 698A, 699A, 700B, and 702B. The second principal component loadings were contoured on an age-paleodepth figure (Fig. 12) . The second principal component delineates the major faunal dichotomy between a Paleocene Stensioina beccariiformisdominated assemblage and an Eocene assemblage. The late Paleocene fauna was fairly uniform across the depth range covered by the four sites examined in this study. The Eocene assemblages displayed greater depth-related diversity and are mapped based on the factor analyses of the Eocene data sets from the individual sites (Fig. 12) . The early to middle Eocene at all Leg 114 locations was dominated by Nuttallides truempyi. In addition, several depth-distinctive taxa were important:
1. At the shallowest location (Hole 698A), Turrilina robertsi dominated the early part of the Eocene and was replaced by Cibicidoides praemundulus in the later early Eocene.
2. Bulimina semicostata became important in the late early to early middle Eocene at Holes 700B and 702B.
3. Clinapertina and Alabamina dissonata joined N. truempyi in dominating the deepest locations in the early Eocene (Holes 700B and 699A).
4. N. truempyi declined in abundance during the late middle Eocene at Holes 700B and 702B (Fig. 12) ; Oridorsalis spp., C. praemundulus, and Nuttallides umbonifera replaced the N. truempyi-dominated assemblage at these sites. Tjalsma and Lohmann (1983) constructed a similar biofacies summary. In their Atlantic data, the S. beccαriiformis-dominated assemblage was restricted to progressively shallower depths during the late Paleocene as it was replaced by the deeper N. truempyi fauna. The Leg 114 data do not show the same trend; rather, the S. beccαriiformis-dommated assemblage survived until near the end of the Paleocene at all depths in the Atlantic sector of the Southern Ocean (Fig. 12) , although it may have disappeared from the shallower sites slightly earlier than from the deeper sites. Not only did S. beccariiformis linger on in even the deepest locations of the Southern Ocean longer than it did in the Atlantic, but it also occurred in the highest abundances at Southern Ocean locations over a wide bathymetric range. A comparison of Atlantic, Pacific, and Southern Ocean relative abundances of S. beccariiformis shows that it is present in percentages greater than 20% up to nearly 60% only in the Southern Ocean (Fig.  13 ). This taxon probably preferred the Southern Ocean, although this cannot be determined from the relative abundance data because of the closed sum problem (e.g., Miller and Katz, 1987) . The wide bathymetric extent of the high abundances of 5. beccariiformis in our depth transect suggests that the late Paleocene Southern Ocean was vertically well mixed; stable isotope data also support this suggestion that the Southern Ocean was well mixed (this study). Paleocene section shows obvious optical evidence of recrystallization. We believe that the oxygen isotope record of the Paleocene has been altered at this location. Oxygen isotope values from this section are anomalously low (i.e., much lower than coeval records), although δ 13 C values appear unaltered. However, the Eocene section at Site 700 yielded well-preserved benthic foraminifers across a 175 m interval. measured paired samples of Cibicidoides and N. truempyi and concluded that Cibicidoides were lower in δ 18 θ by approximately 0.15°/oo but similar in δ 13 C composition to N. truempyi. We compared paired analyses of Cibicidoides and N. truempyi from with paired analyses from Sites 384 (Miller et al., 1987c) , 700, and 702. We found (Fig. 14) that N. truempyi was depleted in 18 O by 0.1°/oo relative to Cibicidoides spp. In addition, our data suggest that there is a systematic offset between Cibicidoides and N. truempyi in δ 13 C composition, with the latter being depleted by 0.26°/oo (Fig. 14) . Still, there is considerable scatter in these comparisons and more data are needed to determine both the precise offset and its variation through time.
Isotope Stratigraphy and
Oxygen isotope values at Hole 702B decrease by 0.9°/oo in the uppermost Paleocene to lower Eocene (Fig. 15) (Fig. 15) . If the entire signal is ascribed to temperature change, this decrease across the Paleocene/Eocene boundary represents a deep-water warming of about 4°C from approximately 57 to 54 Ma. The minimum δ 18 θ values correspond to deep-water temperatures of 12°C (using the paleotemperature equation δ^ = -1.2°/oo of O'Neil et al., 1969; Shackleton and Kennett, 1975) .
The oxygen isotope values increase at Hole 702B by 1.2°/oo from the upper lower Eocene to the lower middle Eocene (190 to 152 mbsf) (Fig. 15) . This increase is the first step of a general middle Eocene to Oligocene δ 18 θ increase. At Site 702, this increase begins in Chronozone C22N (52.6-52 Ma) and continues up into Chronozone C21N (approximately 49 Ma). The best previous record constraining this δ 18 θ increase was reported by from South Atlantic DSDP Site 527. At that site, the δ 18 θ increase apparently began in Chronozone C21N (lowermost middle Eocene; 50.34-48.75 Ma); however, there was poor recovery and no stable isotope data were available for Chronozone C22 at DSDP Site 527. At Pacific DSDP Site 577, the oxygen isotope increase apparently begins in normally magnetized sediments assigned to Chronozone C22N, although only three points constrain this because there is an unconformity at the top of Chronozone C22N (Miller et al., 1987c) . Thus, our record at Site 702 provides the first complete estimate of the timing of the oxygen isotope increase: it began in the latest early Eocene (approximately 52.6-52.0 Ma) and continued into the early middle Eocene (49 Ma). The amplitude of the event makes it one of the largest δ 18 θ increases of the Cenozoic.
An 0.8 δ 18 θ increase occurs near the middle/upper Eocene boundary at Hole 702B. The timing of this increase cannot be well constrained here or elsewhere. Keigwin and Corliss (1986) reported a l°/oo increase in benthic foraminiferal δ 18 θ values at two South Atlantic locations (DSDP Sites 19 and 363); at these sites the increase begins in the upper middle Eocene and apparently extends into the upper Eocene. Oberhansli et al. (1984) reported an approximately 0.8°/oo increase in benthic foraminiferal δ 18 θ values from South Atlantic Site 523 in the upper middle Eocene. At Hole 702B, the increase occurs between Samples 114-702B-8X-3, 50-54 cm, and 114-702B-6X-2, 100-104 cm (66.8-46.8 mbsf) (Table 2 and Fig.  15 ). We estimate that the increase occurred in the latest middle Eocene (approximately 42-41 Ma), although the chronology of this part of the Hole 702B section is unclear. The increase begins within Chronozone and occurs mostly within the range of Acarinina primitiva (LO at 47.50 to 46.07 mbsf; P. F. Ciesielski, unpubl. data; i.e., prior to the LO of Acarinina spp., 40.6 Ma, Berggren et al., 1985) . Therefore, the δ 18 θ increase is assignable to the late middle Eocene (approximately 42-40 Ma). However, the poor recovery across this interval precludes definite correlation of the δ 18 θ increase to the time scale. The increase begins in uppermost middle Eocene sediments at Sites 19, 363, 523, and 363, suggesting that this was a synchronous change, although the data do not allow precise correlation.
The early to middle Eocene and late middle Eocene δ 18 θ events represent nearly 2.0°/oo of cumulative increase; thus, one of the largest climatic transitions of the Cenozoic occurred during the middle Eocene. Both increases are similar in amplitude to the widely known earliest Oligocene δ 18 θ increase of ~1.0°/oo. Our records suggest that the two middle Eocene δ 18 θ increases each occurred over several million years and were not as rapid as the earliest Oligocene δ 18 θ increase. Data from Leg 113 confirm this (Kennett and Stott, 1990) .
As a result of this recrystallization and poor recovery at Hole 700B, the δ 18 θ decrease (Fig. 16 ), which occurred elsewhere near the Paleocene/Eocene boundary, is not documented. However, a δ 18 θ increase of about 1.3°/oo is recorded across the lower/middle Eocene boundary into the middle middle Eocene at Hole 700B (Fig. 16 ). This increase is therefore coeval with the increase noted at Hole 702B.
The oxygen isotope records afforded by Sites 698 and 699 are not complete time series (Table 2) . However, the values obtained are consistent with those obtained from the more complete Sites 700 and 702 (Fig. 17) . The Paleocene to lowermost Eocene of Site 699 suffers from diagenetic recrystallization like that at Site 700 (Fig. 17) . With the exception of these two altered upper Paleocene sections, comparison of the δ 18 θ records from all four locations shows that coeval δ 18 θ values are similar among the locations, supporting the stratigraphic correlation of the records.
The sections at Holes 700B and 702B also record large decreases in benthic foraminiferal carbon isotope values beginning in the upper Paleocene and culminating in the lower Eocene (Figs. 15 and 16 ). Hole 700B δ 13 C values decrease by about 2.5°/oo-2.9°/oo between 249 and 196 mbsf (Fig. 16) , while the δ 13 C values at Hole 702B decrease by about 2.4°/oo between 273 and 219 mbsf (Fig. 15) . This carbon isotope decrease noted at Holes 700B and 702B is global in extent Shackleton, 1987; Miller et al., 1987c; Kennett and Stott, 1990) .
Although the upper Paleocene oxygen isotope record from Hole 700B is altered (with coeval values significantly lower than at Hole 702B), synoptic carbon isotope values appear similar between Holes 700B and 702B. The carbon isotope values from the Paleocene of Hole 700B are not altered to the extent of the oxygen isotope values; Keigwin and Corliss (1986) noted similarly that sections with altered oxygen isotope records had essentially unaltered carbon isotope values due to the lower temperature coefficients for carbon isotopes and the smaller reservoir of carbon in pore waters. We therefore plot and interpret the carbon isotope records from the Paleocene of Holes 699 and 700 (Figs. 18 and 19 ) despite the alteration of the oxygen isotope records from these sections. There are few changes in δ 13 C values in the middle Eocene at either Hole 700B or Hole 702B (Figs. 15 and 16) , with relatively constant values throughout the sections (1.0°/oo). We cannot evaluate if this is a global or local pattern, because there is no record for comparison with the middle Eocene δ 13 C composition of the Pacific Ocean, which forms the bulk of the oceanic reservoir. Because deep-water reconstructions require constraints from Pacific δ 13 C records, we focus our efforts here on the late Paleocene to early Eocene interval.
Comparisons of Pacific and Southern Ocean oxygen isotope records reveal intriguing possibilities for deep-water circulation changes in the Paleogene. Prior to 60 Ma, Southern Ocean locations had distinctly lower δ 18 θ values relative to Pacific Site 577 (approximately 1950 m paleodepth) and deepwater temperatures are inferred to have been warmer than those of the Pacific (Fig. 20; fig. 6 in Miller et al., 1987c) . From approximately 60 to 58 Ma, δ 18 θ records at Southern Ocean Sites 702 and 524 became similar to or more enriched than the record at Pacific Site 577 ( Fig. 20; fig. 6 in Miller et al., 1987c) ; this suggests that Southern Ocean deep-water temperatures were similar to or colder than the Pacific temperatures. The differences observed are larger than the potential differences due to species effects (i.e., the Site 702 record in Fig. 20 is based on Cibicidoides, whereas the records from Sites 524 and 577 are of Nuttallides truempyi). These δ 18 θ differences are a consequence of the fact that the oxygen isotope decrease (deep-water warming) began at Pacific Site 577 around 61 Ma, but did not begin in the Southern Ocean until about 59 or 58 Ma ( fig. 6 in Miller et al., 1987c) , and continued across the Paleocene/Eocene boundary. Hence, water with a higher δ 18 θ signature (i.e., relatively cooler) began to enter the Southern Ocean in the late Paleocene even though global deep waters warmed from about 61 to 54 Ma. This is consistent with the supply of relatively cooler (albeit warm) high-latitude waters to the Southern Ocean during the late Paleocene to early Eocene.
Carbon isotope comparisons confirm our suggestion that nutrient-depleted deep water filled the Atlantic sector of the M.. were also similar to those of the Pacific during the interval 63-61 Ma, and the oceans appear to have had a fairly uniform δ 13 C composition prior to 61 Ma (Fig. 21) .
J2.
Beginning at about 60 Ma, the Southern Ocean locations were enriched in δ 13 C by more than 0.5°/oo relative to the Pacific (Figs. 20 and 21) . We did not adjust either the oxygen or carbon isotope values on Figure 20 or Figure 21 ; if N. truempyi is enriched in carbon by 0.26°/oo relative to Cibicidoides (see preceding discussion), then the difference from the Southern Ocean to the Pacific would have been less (i.e., the Pacific Site 577 record is from N. truempyi). Still, the available N. truempyi data from the Southern Ocean (plotted as x's in Fig. 20 ; the entire Site 524 record in Fig. 21 ) are enriched relative to the Pacific. Limited data from the western basins of the Atlantic (Sites 20, 21, 98, and 144) suggest that these locations remained similar to the Pacific in δ 13 C composition during most of the latest Paleocene (approximately 60-58 Ma) (Fig. 21) . The Southern Ocean-Pacific δ 13 C difference may have been reduced or eliminated between 58 and 57 Ma (across the Paleocene/Eocene boundary) (Figs. 20 and 21) . During the early Eocene, Leg 114 Sites 700 and 702 were enriched in 13 C by up to l°/oo relative to the Pacific, indicating a high supply of nutrient-depleted deep water to this region of the ocean (Figs. 20 and 21) . The early Eocene record from the Cape Basin Site 524 is similar to that from the Pacific; however, this is based upon only two data points. Therefore, it is not clear if the entire Atlantic sector of the Southern Ocean was flooded with 13 C-enriched deep water during the early Eocene.
Age-paleodepth reconstructions of the carbon isotope distribution for the Southern Ocean region near the Falkland Islands show that for much of the late Paleocene to early Eocene this region was vertically well mixed below approximately 800 m with respect to δ 13 C (Fig. 18) . The exception is near 54-53 Ma, when there appears to have been a small vertical gradient (Fig. 18) ; carbon isotope values at Site 702 were slightly lower from 54 to 53 Ma than they were at Sites 698, 699, and 700 (Fig. 18) .
The distribution of carbon isotopes in the Southern Ocean (Fig. 18 ) alone does not constrain deep-water circulation history; the global carbon isotope signal must be removed to reveal the deep-water circulation signal. We did this by using Pacific Site 577 as an approximation for the deep-water of the Pacific and subtracting from it our Southern Ocean records to show that the region east of the Falklands was enriched relative to the Pacific by 0.5°/oo-1.0°/oo in the late Paleocene (approximately 60-58 Ma) and early Eocene (approximately 57-54 Ma) (Fig. 19A) . There apparently was a smaller difference (<0.5°/oo) near the Paleocene/Eocene boundary (58-57 Ma). Our reconstruction confirms what can be seen in the comparisons of individual time series (Figs. 20 and 21) and demonstrates that the Southern Ocean was enriched in 13 C relative to the Pacific over a wide bathymetric range.
To test the sensitivity of Figure 19A to potential species effects, we adjusted the N. truempyi values used to construct Figure 19B by adding 0.26°/oo, which is the difference between N. truempyi and Cibicidoides suggested by Figure 14 ; this conservative reconstruction de-emphasizes differences between basins. The age-paleodepth compilation (Fig. 19B) shows that the Southern Ocean locations were enriched in 13 C relative to the Pacific for much of the late Paleocene to early Eocene. However, there are intervals when the Southern Ocean appears depleted in 13 C relative to the Pacific. Both reconstructions (Figs. 19A and 19B) show that there were (1) large δ 13 C differences between the Pacific Ocean and the Southern Ocean during the late Paleocene and early Eocene and (2) a reduction or elimination of supply of "young" deep water to the Southern Ocean near the Paleocene/Eocene boundary. Data from Sites 689 and 690 on the Maud Rise (Kennett and Stott, 1990 ) also show large δ 13 C differences between the Pacific and Southern Ocean during the late Paleocene and early Eocene. Their isotope records are more detailed near the Paleocene/Eocene boundary, and they show a large transient δ 13 C decrease (<0.5 m.y.) in the Southern Ocean at this time. This is consistent with elimination of "young" bottom water in the Southern Ocean near the Paleocene/Eocene boundary; alternatively, the transient δ 13 C decrease may reflect a global carbon budget change. Additional detailed Pacific δ 13 C records are needed to distinguish between these two scenarios.
DISCUSSION
Sources of Early Paleogene Deep Water
Our reconstructions firmly document that the Atlantic sector of the Southern Ocean was enriched in 13 C relative to the Pacific during much of the late Paleocene (approximately 60-58 Ma) over a wide bathymetric range (Sites 524, 698, 699, 700, and 702; (Figs. 19-21) ; in addition, the sites east of the Falkland Islands (Sites 698, 699, 700, and 702; 8OO-3OOO m paleodepth) were enriched in 13 C relative to the Pacific during the early Eocene (approximately 57-52 Ma). There is evidence for "old" nutrient-enriched deep water in the western north Atlantic (Site 98) (Fig. 21) , suggesting that there was no North Atlantic source for much of this interval. Hence, the nutrient-depleted deep water may have come from the antarctic region, a source we favor, or it may have been supplied from the Tethys. Warm, high-salinity Tethyan deep water analogous to the warm saline bottom water of Brass et al. (1982) and Stott (1988,1990 ) may have entered the Southern Ocean via the Indian Ocean; if this Tethyan water was high in oxygen and stripped of nutrients (resulting in high δ 13 C values), it potentially may have served as the source for the "young" nutrient-depleted deep water found in the Southern Ocean.
We believe that the antarctic region is the most likely source for the late Paleocene and Eocene nutrient-depleted deep water. The Southern Ocean changed from relatively warmer (compared with the Pacific) deep-water temperatures to relatively colder deep-water temperatures at the same time as it became enriched in 13 C relative to the Pacific. This correspondence is further supported by the fact that the highest late Paleocene benthic foraminiferal δ 13 C values reported are from the Southern Ocean. Stable isotope records from closer to the potential source regions (eastern Tethys or Weddell Sea) should allow this nutrient-depleted deep water to be traced back to its source.
Timing and Cause of the Benthic Foraminiferal Crisis
While the nature of the late Paleocene benthic foraminiferal crisis has been well documented, the precise timing of the benthic foraminiferal extinction event near the Paleocene/ Eocene boundary has remained elusive. Tjalsma and Lohmann (1983) observed that characteristic Paleocene benthic foraminiferal taxa present in their Zone P5 samples were absent from their Zone P6a samples, suggesting that the final extinction event occurred between these levels. However, the benthic foraminiferal taxonomic record at the Pacific Site 577 shows that the extinction event occurred between samples examined from Zones P6a and P6b (Miller et al.* 1987c) . The benthic foraminiferal turnover clearly spans the Paleocene/ Eocene transition at our sites. Unfortunately, the biostratigraphic age control is insufficient at the Leg 114 sites examined in this study to clarify the precise timing of the Paleocene/ Eocene event further. However, timing of the change is constrained at Site 690, where it clearly predates the Paleocene/Eocene boundary (age estimate slightly younger than 58 Ma; Thomas, 1990, in press ). The timing of the change at our sites is consistent with the estimate of Thomas (1990, in press ) for the more complete section at Site 690. The cause of the faunal turnover is still undetermined. It occurs during the general warming of deep water between approximately 60 and 56 Ma. Still, temperature change alone may not have been the cause of the extinctions. Comparison of the oxygen and carbon isotope records at Sites 577 and 702 with the faunal turnover at these sites (Fig. 20) shows that (1) the turnover in the Pacific (Site 577) postdates the largest inflection in the oxygen isotope record, while (2) the extinctions at Site 702 occurred before the largest inflection in the δ 18 θ record. It is not clear if these sharp inflections are real at these sites, for they are constrained only by single data points (Fig. 20) . Still, the relationship between the extinctions and the δ 18 θ record is not convincing from the available data (Fig.  20) .
Nor can the faunal turnover be directly attributed to a drop in food supply. The bulk of the extinctions occurred during the large carbon isotope decrease. Even if this δ 13 C decrease is attributed to a drop in surface ocean productivity (Shackleton et al., 1985b) and food supply to the benthos, there appears no direct link between the extinctions and the carbon isotope change (Fig. 20) . One possible cause of the turnover is a change in the source region for deep waters (Miller et al., 1987c; Thomas, 1988 Thomas, , 1990 ). Our comparisons with the Pacific clearly show that the δ 13 C difference with the Southern Ocean was reduced or eliminated near the Paleocene/Eocene boundary (58-57 Ma) (Figs. 19-21 ). Following this, the difference between basins was reestablished (Figs. 19-21) . We speculate that the Southern Ocean provided a deep-water source during the late Paleocene (approximately 60-58 Ma). This Southern Ocean source was eliminated near the Paleocene/Eocene boundary and was replaced by another deep-water source, possibly a low-latitude supply (e.g., Thomas, 1988 Thomas, , 1990 ). This change in source regions may have caused the extinctions of the benthic foraminifers. Commencing in the early Eocene (approximately 57 Ma), the Southern Ocean source was again renewed, and the benthic foraminifers radiated to fill the vacated niches.
Faunal abundance changes are consistent with this scenario. The greatest difference between the Pacific and Southern Ocean δ 13 C records occurred between approximately 60 and 59 Ma (Figs. 19-21) . The difference began to decrease between 59 and 58 Ma, and was virtually eliminated from 58 to 57 Ma. The abundance of Stensioina beccariiformis began to drop in the Pacific at about 59 Ma (Fig. 13) ; it lingered on in higher abundances in the Southern Ocean until approximately 58 Ma (Figs. 12 and 13) . Similarly, the demise of the 5. beccariiformis-dominated assemblage may have begun earlier in the Atlantic-Caribbean than in the Southern Ocean (Tjalsma and Lohmann, 1983) . We speculate that reduced supply of Southern Ocean deep water beginning at approximately 59 Ma resulted in the decrease in the S. beccariiformis-dominated assemblage in the more peripheral regions (Pacific and Atlantic-Caribbean); only with the virtual shutdown of deep-water production in this region near the Paleocene/Eocene boundary (58-57 Ma) was the S. beccariiformis assemblage eliminated in the region proximal to the deep-water source, the Southern Ocean.
CONCLUSIONS
The benthic foraminiferal extinction event documented in the Atlantic and Pacific oceans culminated near the Paleocene/ Eocene boundary (approximately 58-57 Ma) at Southern Ocean Sites 698, 699, 700, and 702, spanning paleodepths of about 800-3000 m. An assemblage dominated by Stensioina beccariiformis persisted in these Southern Ocean locations until near the end of the Paleocene. It was replaced by a Nuttallides truempyi-dominated assemblage. The late Paleocene of the Southern Ocean was remarkably uniform in its faunal and stable isotope composition. In contrast, several depth-related benthic foraminiferal distributions developed in the Eocene Southern Ocean.
The pieces of the Paleocene/Eocene extinction puzzle are not complete despite the data assembled by ODP Legs 113 and 114. Still, of the three competing hypotheses for the cause(s) of the extinctions (temperature increase, productivity decrease, or change in deep-water source regions), our data are most consistent with a change in source regions near the Paleocene/Eocene boundary.
Stable isotope results from the lower Paleogene sections recovered by Leg 114 show that: Table 2 ). Columns as in Figure 6 . The plotted duplicates are connected with a horizontal line.
HOLE 700B
350 Figure 16 . Note that Only Cibicidoides spp. data were considered from Holes 698A, 700B, and 702B; Hole 699A is based entirely upon Nuttallides truempyi data. B. Both Cibicidoides spp. and N. truempyi data from Leg 114 locations (Table  2 ). All N. truempyi data were corrected by subtracting 0.26°/oo. 20, 21, 144, 356, and 357 (N. truempyi, uncorrected) plotted individually as horizontal lines with error bars, which represent the ages of the assigned planktonic foraminiferal zones.
